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Early stage process analysis to maximize economic feasibility and minimize environ-
mental burden is critically important for process flow sheet selection and optimization.
This is equally true for bioprocesses. For many systems, including bioprocess systems, the
desired material and energy balance data are not available at an early stage of design. The
CeBER Bioprocess Modeller (Centre for Bioprocess Engineering Research at the University of
Cape Town, Department of Chemical Engineering) has been developed to provide estimates
of these material and energy balance data, as well as calculate equipment volumes and
utility needs.
The model allows for aerobic or anaerobic, intra- or extracellular product formation or
biomass growth in a continuous or batch process for various bioproducts produced from a
selection of microorganisms using a range of raw materials. Using simple inputs, and
default values drawn, the model is suitable for engineers and scientists alike.
The model also incorporates the option to select for sterilization and to specify the
downstream processing train. In the bioreactor, the model takes into account aeration,
agitation, reaction, biomass maintenance, yield, post microbial growth cooling and growth
rate calculations, amongst others. This paper presents the model framework for the mi-
crobial growth and product formation stages.
© 2016 The Authors. Published by Elsevier B.V. on behalf of Institution of Chemical Engi-
neers. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Industrial bioprocesses (environmental biotechnology, bio-
catalysis, bioremediation or similar) are becoming increas-
ingly important for the production of chemical and energy
products over conventional chemical synthesis, owing to the
emphasis on the use of renewable raw materials, the speci-
ficity and complexity of biologically catalysed reactions, or0.1016/j.sajce.2016.10.002
al and Metallurgical Eng
(K.G. Harding).
Elsevier B.V. on behalf o
tivecommons.org/licenseboth (Dorsch and Miller, 2003; Finlay, 2003; Hermann and
Patel, 2007; Lynd et al., 1999; Lynd, 2008; McLaughlin et al.,
2002). These biological processes are frequently claimed to
provide benefit over conventional chemical processes from an
environmental or sustainable process perspective (Botha and
von Blottnitz, 2006; Gavrilescu and Chisti, 2005; Heller et al.,
2003, 2004; Organisation for Economic Co-operation and
Development, 2001; Sheehan et al., 2003; von Blottnitz and.
ineering, University of the Witwatersrand, Johannesburg, South
f Institution of Chemical Engineers. This is an open access article
s/by-nc-nd/4.0/).
south african journal of chemical engineering 22 (2016) 34e43 35Curran, 2007; Harding et al., 2007, 2008), owing largely to their
mild operating conditions, aqueous systems and the nature of
the bio-system used.
To support claims of benefit, in terms of reduced environ-
mental burden or increased process sustainability, rigorous
process analysis is required using tools such as Life Cycle
Assessment or carbon- and water footprinting. These ap-
proaches require availability of material and energy in-
ventories, as do techno-economic assessments. Where these
are available at an early stage of process design, they can be
used to informprocess selection. Further, such analysis can be
used to target process improvements. In order to perform the
environmental or economic studies required, a good knowl-
edge of the process as well as thematerial and energy balance
data are needed. This information is often found through
physical data collection or from a detailed software modelling
exercise (including, for example, AspenPlus or SuperPro
Designer). Such an exercise typically requires a software
package that is more complex than needed, may not be freely
available, is unsuitable for biological processes or requires a
specialist user to manipulate. Alternative, simplified tools are
also available but concentrate on costing only, are limited to a
single product, include pharmaceutical processes only and/or
use modified results from the software mentioned earlier as
inputs to a next step (Boukouvala et al., 2012, 2013; Claypool
and Raman, 2013; Sen et al., 2013).
In order to obtain fast, accurate data estimates, the ‘CeBER
Bioprocess Modeller’ has been developed to allow for the use
of a limited set of inputs (using zero inputs will give a generic
bioprocess flowsheet) to calculate the material and energy
approximations. This data can then be used to perform envi-
ronmental or economic assessments or aid in further process
design. The approach to the generic flowsheet model is based
on first principles, supplemented by data from advanced
modelling studies and industrial practice.Fig. 1 e Outline of the process flow sheet u2. Model specifications
2.1. Desirable function for the model
There are three main desirable features of the generic flow-
sheet model:
1. It should act as a first estimate bioprocess simulation tool;
2. It is required to calculate all relevant information required
for a comprehensive environmental or economic assess-
ment; and
3. It should require minimal input data.
The model should not be location specific. Hence, certain
aspects of the model may not use the most appropriate op-
tions for different geographic regions e.g. the use of natural
gas or coal, dependent on local availability. The option to
modify these, to introduce location specificity as required,
should be included. Further, themodel is required to provide a
framework to allow for the addition of more complex
modelling.2.2. Model description
The complete model allows for aerobic or anaerobic microbial
growth with solid or liquid, intra- or extracellular product
formation in a batch or continuous set-up. Sterilization,
inoculation, microbial growth and product formation opera-
tions are followed by biomass recovery by solideliquid sepa-
ration, cell disruption (if required), product recovery,
purification and formulation. Downstream processing is
limited to six recovery, concentration or purification steps
followed by a final formulation step (Fig. 1). The addition of
chemicals (and reaction of these) is allowed in downstreamsed in the generic bioprocess model.
south african journal of chemical engineering 22 (2016) 34e4336processes, but recycle of products is not accounted for in the
current model.
The model requires the user to specify a flowsheet system,
together with the associated parameters and constants. A
database of constants is built into the model to provide com-
mon values as needed. This includes yield coefficients, den-
sities and chemical compositions, based on chosen
parameters. Additional default values close to typical oper-
ating norms are also provided for things such as standard
operating temperatures and pressures. All database and
default values can be over-ridden for a specific process if
desired. This paper presents the detailed approach for steril-
ization and microbial growth/product formation, while the
accompanying paper presents the approach for downstream
processing (Harding and Harrison, 2016); and the full working
documents can be found elsewhere (Harding, 2009).
2.3. Structure of the model
The generic model (CeBER Bioprocess Modeller) has been
developed to give either a defined amount of final product or
the amount of product from a specified raw material feed,
calculating associated raw materials, impurities, energy re-
quirements and unit operation volumes, while also taking into
account losses in downstream processing. The model has
been developed in Microsoft Excel to be accessible to as many
users as possible. All mathematical and logical functions
within the MS-Excel software remain operational within the
flowsheet model.
The CeBER Bioprocess Modeller is presented such that the
user follows selections in clearly marked cells from the top to
bottom of a single MS-Excel sheet to define the desired flow-
sheet (Fig. 2). Depending on choices made, database and
default values common to these are automatically given.
These values are a mixture of non-numeric values (e.g. raw
material inputs), estimates (e.g. ambient temperatures andFig. 2 e Screenshot of the CeBER Bioprocespressures), average values (e.g. energy requirements for
centrifugation), calculated values (e.g. heats of vaporization)
and combinations of the above (e.g. volume calculations). All
automatic values can be changed by the user.
The CeBER Bioprocess Modeller is structured such that
advanced users can extend the model capability. Possible
additions include higher-level thermodynamic calculations
(e.g. UNIQUAC) or additional kinetic data.
3. Sterilization
In the model, sterilization is performed by filtration for
contamination removal or addition of steam (heat) for
contaminant destruction by thermal death.
When filtering, constant pressure membrane filtration
(with no cake build-up) is assumed. It is further assumed that
energy requirements are provided by electricity and are
calculated fromfirst principles of the fluid flow, pressure drop,
pumping efficiencies, filter dimensions and time to filter.
Should sterilization be achieved by steam, this is assumed
to be provided continuously at 140 C (default conditions)
pressurized isentropically. The energy required for this is
assumed to be from electricity. This takes into account;
amongst others, temperatures, heat capacities, masses, effi-
ciencies, heat losses and pressures as well as the energy
required for steam compression.
Two basic options are included: to allow for feed at
ambient temperature (20 C) or partially pre-heated feed
(60 C) (partial heat integration from recycled steam). It is
assumed there is a constant rate of heat loss of 0.003 kW/m2 C
during the holding phase, an accepted value for insulated
vessels (Woods, 1994). After heating, the raw materials are
cooled by heat exchange with cooling water.
Steam is also used included between campaigns (batch
operation) or during maintenance (continuous operation) for
cleaning. Values are based on industrial norms, factored tos Modeller as presented in MS-Excel.
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south african journal of chemical engineering 22 (2016) 34e43 37obtain the required reactor volume. Steam requirements for
backing steam and space heating can also be included.
4. Microbial growth and product formation
4.1. Introduction
A wide range of microbial products can be formed across a
broad range of microbial systems. In Table 1, typical operating
conditions for large-scale microbial processes are summa-
rized. The microbial biomass, product and by-products
formed are related to the raw materials and emissions pro-
duced using stoichiometric equations, yield coefficients and a
mass balance approach. The default conditions used are 37 C
and 1 atm, similar to common literature values for mesophilic
processes (Table 1). As throughout, these values can be altered
for a specific process. Reactor volumes and residence times
are calculated from various values either defined or calculated
in the system e.g. calculated volumes of inputs, initial and
final biomass concentrations, maximum specific growth rates
etc.
The product can be defined as a primary product (e.g.
ethanol), a secondary metabolite (e.g. Penicillin) or the mi-
crobial biomass itself (e.g. baker's yeast, biocontrol agents).
The product can be solid or liquid, intracellular or extracel-
lular. Raw materials needed for the system are broken into
those needed for biomass growth and product formation.
Stoichiometrically, the carbon, oxygen, nitrogen, sulphur and
phosphorus feed, as well as the carbon dioxide and water by-
products, are calculated. Further, the addition of antifoam is
included if required. The water used in the process may be
municipal, distilled or de-ionized.
4.2. Mass balance e biomass growth and product
formation
To determine the required raw materials for the specified
amount of product, the calculation is split into microbial
growth and product formation. From the amount of raw ma-
terials and waste calculated stoichiometrically in each, and a
specific product yield, total flow rates can be obtained by a
matrix algebra calculation.
One of several microorganisms can be included from the
built-in database. Various experimental data are associated
with these to perform the mass balance. The elemental
formulae for each microorganism forms part of the dataset
included in the model. Where values are not available, an
average value is used as a default (Table S1).
The products formed have been divided into nine cate-
gories: antibiotics, amino acids, enzymes, alcohols, vitamins,
carbohydrates, organic acids, alkanes and others; with the
chemical formulae for specific products given in each cate-
gory. Those that are unknown within a specific grouping are
assumed as the average of that group. These are used in the
mass balance to calculate rawmaterials required for a specific
amount of product formed. The chemical compositions and
densities are also included in order to allow inter-conversion
of stream mass and volume throughout the model.
The biomass growth and product formation calculations
are based on chemical balances for carbon, oxygen, nitrogen,
sulphur and phosphorus, as well as yield coefficients (Yx/s for
biomass growth and Yp/s for product formation). Under aero-
bic conditions, the general aerobic equation for microbial
growth is used independently for each of biomass growth and
south african journal of chemical engineering 22 (2016) 34e4338product formation (Equation (1)). Resulting raw materials
from each can be added to give the final raw material
requirements.
(Carbon þ Oxygen þ Nitrogen þ Sulphur þ Phosphorus)sources
/ (Biomass or Product) þ H2O þ CO2 þ (Nitrogen þ Sulphur
þ Phosphorus)wastes (1)
For anaerobic growth, oxygen is excluded from the mass
balance shown in Equation (1). A secondary (anaerobic)
product and hydrogen are formed instead of water. In addition
to biomass growth and product formation equations, stoi-
chiometric Equation (2) is included to calculate the amount of
anaerobic product.
(Carbon þ Nitrogen þ Sulphur þ Phosphorus)sources
/ Anaerobic product þ H2 þ CO2 þ (Nitrogen þ Sulphur þ
Phosphorus)wastes (2)
Thewater that evaporates during the aerobic process is not
included in the energy balance.
4.3. Yield coefficients
Yield coefficients, Yx/s (biomass yield on limiting carbon
substrate), Yx/o (biomass yield on oxygen) and Yp/s (yield of
product per unit substrate), are sourced from literature to
provide information for the stoichiometric calculations used
in the model and form part of a database accompanying the
model (Tables S2 and S3). This database includes over 80 sets
of data for these calculations. Yx/s and Yp/s provide the two
additional equations required in the elemental balances used
to avoid under-specification. Yx/o is available for validation
and is not a critical factor in calculations. These data pre-
sented are also used to estimate default data. The closest
approximation is chosen according to the decision-making
framework of Fig. 3, should the exact value not be avail-
able. If available and desired, an alternative value can be
entered.
4.4. Carbon source
All microbial growth, and associated product formation, re-
quires a source of carbon. In the database, the carbon source
can be selected from five categories: carbohydrates, hydro-
carbons, volatile fatty acids or organic acids, proteins and
other. Each has various examples of possible carbon sources
with the associated chemical formulae for stoichiometric
balancing. The model allows one or two carbon sources to be
chosen. Where the desired carbon source (or any other rawFig. 3 e Decision method to determine yield coematerial) is not present, the chemical formula can be entered
in the form: CaHbOcNdSePf.
The model assumes that themicrobial growth and product
formation is limited by the carbon source, with a 1 mol%
excess added as default. When two carbon sources are added,
amass ratio for the two carbon sourcesmust be specified. This
is a simplification, as in biological systems, one source is often
used in preference to the other.4.5. Nitrogen source
As with the carbon source, a maximum of two nitrogen
sources, either organic or inorganic, can be specified as raw
materials in the generic flow sheet model. Examples include
ammonia gas, ammonium nitrate, ammonium sulphate and
urea. Unless specified, a default of 5 mol% excess is assumed,
with a mass ratio required when two sources are added.4.6. Oxygen source
Under aerobic conditions, an oxygen source is required, either
modelled as pure oxygen or air. Unless specified, the default
aeration rate is set at ten times the minimum aeration rate
calculated stoichiometrically. The volume of air or oxygen
enriched air passing through the reactor is often much higher
than the stoichiometric amount to ensure sufficient
gaseliquid mass transfer and to aid in mixing.
The energy to compress the gas used has beenmodelled as
electricity. The gas compression can be performed by a one- or
two-stage reciprocating, centrifugal or axial compressor with
intercooling (Coulson and Sinnott, 1999). This takes into ac-
count polyentropic efficiencies, compression factors and
specific heats of air or oxygen. Once compressed, isobaric
cooling with cooling water is assumed. The effects of gas hold
up are not included in the model.4.7. Sulphur and phosphorus sources
Sulphur, required for proteins and other sulphur containing
products, is commonly provided by various sulfates. As a
simplification, it has been assumed that only the sulphur from
the specified sulphur source is used in microbial growth or
product formation. It has been assumed that 5 mol% (default
value) excess sulphur enters the system in the sulphur source.
Phosphorus is required to meet the phosphorus content of
nucleic acids and any phosphorus in the product. Potential
phosphorus sources include phosphoric acid and various
phosphates. A 5 mol% (default value) excess has been
assumed.fficients used in generic flow sheet model.
south african journal of chemical engineering 22 (2016) 34e43 394.8. Maintenance coefficient calculations
A portion of the energy source (typically also the carbon
source) is metabolized to provide energy to maintain
biomass functioning, even in the absence of growth. This is
accounted for through a maintenance coefficient. Where
glucose is the energy source, typical values for aerobic
growth lie between 0.055 and 0.25 g glucose/g cell h (Abbott
and Clamen, 1973).
The maintenance coefficient is selected based on the or-
ganism. If no data exists, an average is used, based on either
aerobic or anaerobic metabolism. The amount of carbon
needed to supply this energy is assumed to be supplied by the
first carbon source and is calculated from this maintenance
coefficient and a residence time. Under aerobic conditions, the
carbon source required for maintenance is assumed to un-
dergo complete oxidation to carbon dioxide, water vapour and
reducing equivalents from which energy is generated. In the
anaerobic process, the carbon source forms an additional
anaerobic product such as ethanol or methane. The database
of maintenance coefficients for roughly 20 organisms is given
(Table S4).
4.9. Growth rate
Growth rate data allows for the calculation of the reactor
residence time, which, in turn, is used to calculate agitation
energy, maintenance energy, aeration energy, cooling re-
quirements etc. The required data (maximum specific growth
rate, mmax; half saturation constant, Ks and final biomass
concentration, Cx, final) is obtained from literature and exper-
imental values (Table S5) or an average value is assumed
(Fig. 4). Monod kinetics has been assumed owing to its wide-
spread use for microbial systems. Opportunity exists to
expand the model to incorporate other kinetic expressions.
4.10. Reactor cooling
Under aerobic conditions, microbial growth results in energy
release at approximately 400 kJ heat/C-mol produced (or 500 kJ
heat/mol O2 consumed) when using a carbohydrate substrate.
Under anaerobic conditions, with a glucose substrate,
approximately 225 kJ heat/C-mol are produced i.e. approxi-
mately 70% of the aerobic value (Roels, 1983).
The energy generated during aerobic growth is linked to
the degree of reductance (von Stockar et al., 2006); which isFig. 4 e Decision method to deterused in this model. For anaerobic growth 70% of the aerobic
value is used, in accordance with the ratios shown above.
Cooling or chilled water is used to maintain the reaction
temperature.
4.11. Post microbial growth cooling
Once the required microbial growth and product formation is
achieved, cooling of the materials can take place. A default
cooled temperature of 15 C is assumed but can be set as
desired for heat labile products. The refrigeration energy is
calculated from first principles on the compression of the
refrigerant and an energy balance of heat removal from the
microbial stream to estimate the electrical energy require-
ment (including an assumed 30% efficiency of electrical en-
ergy conversion).
5. Agitation
Nienow has described agitation in microbial systems in
various papers (including, Nienow, 1968, 1997, 2006). The
model presented uses power numbers (Np) as described in
these and other sources (Bakker, 2000; Doran, 1995; Fasano
et al., 1994; Fraser et al., 1993; Oldshue et al., 1988;
Philadelphia Mixing Solut, 2009; Post Mixing, 2003; Rushton
et al., 1950; Weetman and Coyle, 1989) to determine agita-
tion power in turbulent flow regimes. The power per unit
volume is then calculated (Coulson and Sinnott, 1999), using
power number, and/or impeller speed, diameter and type, the
number and dimensions of the tanks agitation efficiency,
together with corrections for different ratios of blade width to
impeller diameter (W/D) and gassed systems (Dickey, 2004;
Atkinson and Mavituna, 1983). In the current model, the
heat added due to agitation is not considered.
6. Case study: penicillin V production
6.1. Model development
Production of Penicillin V was modelled using the fungi Peni-
cillium chrysogenum, with a glucose substrate. In a typical
process, after continuous heat sterilization, glucose, Phar-
mamedia (a protein and mineral salt source Atkinson and
Mavituna, 1983), trace metals and phenoxyacetic acid
entered 11 bioreactors, each with a volume of 100 m3. A pri-
mary biomass production phase of 50 h was followed by amine mmax, Ks and rx values.
Bioreactor
Centrifugal Extraction
Heat Sterilisation
Compression
Rotary Vacuum Filter
(Biomass removal)
Acid
Addition
Neutralisation
Re-extraction +
Crystallisation
Basket Centrifugation
Fluid Bed Drying
Pharmamedia
Glucose
Water
Sulhpur source
Phenoxyacetate
Air
Exhaust air (CO )
Wash water Waste biomass
Sulphuric acid Butyl acetate
Sodium hydroxide
Wastewater Acetone
Water
Sodium acetate
Penicillin V
Fig. 5 e Simplified process flowsheet for penicillin V sodium salt production as modelled in the MS-Excel model (simplified
from literature Biwer et al., 2005; Heinzle et al., 2006).
Table 2 e Sets of input values collated literature for the
extracellular, aerobic production of penicillin in a batch
reactor (Biwer et al., 2005; Heinzle et al., 2006).
Assumptions Default
value
Penicillin
value
Units
Cooling water temperature 18 5 C
Steam Sterilization (140 C, 3 bar)
Reactor temperature 37 32 C
Product: Biomass ratio 1 1.2 e
Carbon 1 source (excess): Glucose 1 2 %
Carbon 2 source (excess):
Phenoxyacetic acid (C8H8O3)
1 1.7 %
Mass percentage of carbon
source 2 of total carbon
50 10.6 %
Nitrogen source (excess):
Pharmamedia
(C55.7H6.7O18.9N16S2.7
(Phyllis, 2006))
5 15 %
Sulphur source excess 0 0
Oxygen source (vvm): Air
(excl. excess)
0.27 0.021
Time for over which
maintenance is considered
10 106 H
Final biomass concentration 30 45 g/l
Yield coefficients
Yx/s 0.77 0.45 g/g
Yp/s 0.65 0.81 g/g
Yx/o 0.56 1.56 g/g
Agitation (11 tanks)
(Energy: Electricity)
Power per unit volume 0.012 2.5 kW/m3
Efficiency 0.9 1
Post bioreactor cooling
Outlet temperature 15 28 C
south african journal of chemical engineering 22 (2016) 34e4340secondary penicillin production phase of 106 h with continual
glucose addition. Filter-sterilized air was added continuously,
while exhaust air was filtered before being released.
Parameters used in the model were estimated from liter-
ature (Perry et al., 1997; van Nistelrooij et al., 1998; Falbe and
Regitz, 1996; Lowe, 2001; Nielsen, 2001; Ohno et al., 2000).
After penicillin production, downstream processing separates
the product via a process train as shown in Fig. 5.
6.2. Process simulation inputs
One of the key concepts of themodel is that there is a database
of constants as well as default processing values, which are
used should the actual numbers not be available. These
values, together with the values obtained from literature, are
show in Table 2.
The inputs which may seem to be significantly different to
the actual numbers used, e.g. agitation power and mainte-
nance coefficient time, are still useful in the absence of any
other data. Further, these defaults are the values obtained
from a blank spreadsheet. With each additional input, the
standard default values may change and become more
appropriate. For example: When a specific biomass is chosen,
this results in only values corresponding to this biomass being
used in any further database calculation. In this way, the
database would select only the most suitable maintenance
coefficient values and use these to potentially provide a more
suitable value.
The spreadsheet also provides certain values that are
suitable (without being changed) for the production of Peni-
cillin. A selected list of these is shown in Table 3. Either by
Table 3 e Some of the additional variables defined by the
model.
Assumptions Value Units
Product density 1410 kg/m3
Product chemical formula C16H17O4N2
Biomass chemical formula CH1.82O0.53N0.21
Ash content (biomass) 8.5 %
Glucose chemical formula C6H12O6
Compression inlet pressure 101 kPa
Compression polyentropic efficiency 0.65
Maintenance coefficient 0.022 h
Ambient temperature 20 C
Maximum specific growth rate 0.5 hr-1
Sterilization: Surface
area to volume ratio
60 m2/m3
Sterilization: Holding time 20 min
Sterilization: Heat transfer efficiency 0.8
Sterilization: Overall
heat transfer coefficient
0.003 kW/m2. C
Sterilization: Steam pressure 300 kPa
Sterilization: Steam
compression efficiency
0.6
south african journal of chemical engineering 22 (2016) 34e43 41making the appropriate selections or based on the original
defaults, such things as pressures, temperatures and effi-
ciencies are chosen within a range that is suitable for this
model. The results of this spreadsheet are presented in the
accompanying paper (Harding and Harrison, 2016), while
similar examples and verifications for three cellulase flow-
sheets and a single poly-b-hydroxybutyric acid flowsheet can
be found in a larger project (Harding, 2009).
7. Conclusions
This paper provided an introduction to the sterilization and
microbial growth/product formation of a generic flowsheet
model (CeBER Bioprocess Modeller) for fast, first estimate
material and energy balance inventories of industrial bio-
processes. Presented in an MS-Excel format, the model uses
a stoichiometric approach, together with first principles
and rules of thumb. The model allows for batch or contin-
uous production by aerobic or anaerobic and intra- or
extracellular means. Typical information from bioprocess
systems are stored in a database which include relevant
constants and physical data. Downstream processing units
allowing for accurate representation of typical downstream
bioprocess setups are given in an accompanying paper
(Harding and Harrison, 2016). With the framework in place,
it is now possible to add more complex models to each unit,
introduce economic modelling and expand the work to
include photosynthetic processes, pretreatment steps and
others.
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